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ionocytes; osmoregulation; ionoregulation; gills; fish; embryos EURYHALINE FISH ARE ABLE TO maintain their internal osmolarity and ionic concentrations in waters with a wide range of salinity. The gills, which are exposed to external environments, play a critical role in ionic regulation. In fresh water (FW), fish gills actively transport Na ϩ and Cl Ϫ from the external media into the circulation to compensate for both the passive loss of ions in the urine and by diffusion through the body and gill surfaces. In contrast, fish in seawater (SW) must drink external water to counterbalance the osmotic loss of water and secrete excess Na ϩ and Cl Ϫ through their gills. In the branchial epithelium, mitochondrion-rich cells (MRCs, also called chloride cells) are the ionocytes responsible for ion transport.
MRCs take up Na ϩ and Cl Ϫ in FW and secrete Na ϩ and Cl Ϫ in SW (5, 12) . The mechanism of NaCl secretion by SW-type MRCs has been studied for several decades. In a well-accepted model (5, 12) , plasma Na ϩ , K ϩ , and Cl Ϫ enter the cell via a basolateral Na/K/2Cl cotransporter (NKCC). Na ϩ is pumped out of the cell via Na ϩ -K ϩ -ATPase, and K ϩ is recycled via a K ϩ channel. Cl Ϫ is extruded across the apical membrane via a Cl Ϫ channel (cystic fibrosis transmembrane conductance regulator, CFTR). The transepithelial electrical potential across the gill epithelium drives Na ϩ across the leaky junction between the MRC and the accessory cell (AC). However, the ion-uptake mechanism by FW-type MRCs is more complicated and has been controversial for several decades. Recent studies in zebrafish showed that at least three subtypes of MRCs (HR cells, NaR cells, and NCC cells), with distinct functions and mechanisms, are involved in ion uptake of FW teleosts (10, 12) .
Even though fish embryos and newly hatched larvae have gills that are not yet developed or fully functional, these fish are still able to maintain their hydromineral balance (36) . In several teleost species, mitochondrion-rich cells have been identified in the yolk-sac and body skin of embryos and larvae (36) . In euryhaline tilapia (Oreochromis mossambicus), Ayson et al. (1) found that the size of MRCs in the yolk-sac membrane increased following transfer from FW to SW. Shiraishi et al. (35) and Hiroi et al. (6) found that MRCs and ACs form multicellular complexes in the yolk-sac membrane of SW tilapia larvae. Those morphological observations suggest the occurrence of FW-type and SW-type MRCs in the yolk-sac membrane of tilapia embryos and larvae. Using a chloride reaction and X-ray microanalysis, Kaneko and Shiraishi demonstrated that MRCs in the yolk-sac skin were the sites for Cl Ϫ secretion in SW-tilapia larvae (14) . Recently, we used a noninvasive electrophysiological technique, the scanning-ion selective electrode technique (SIET), to demonstrate Cl Ϫ transport by yolk-sac MRCs in intact tilapia larvae (8) .
In the euryhaline species, it is still unclear whether FW type-MRCs are replaced by newly differentiated SW typeMRCs after transfer from FW to SW or the same MRCs may function in both FW and SW by reorganizing their structure and function for specific environments. Hiroi et al. (6) used an in vivo DASPEI (a fluorescent probe for mitochondria) staining to trace the morphological change of MRCs in the yolk-sac membrane of tilapia and suggested that FW-type single MRCs transformed into SW-type multicellular complexes during SW acclimation. In another euryhaline species, killifish (Fundulus heteroclitus), branchial SW-MRCs were shown to transform to FW-MRCs by using a "time-differential double-fluorescent staining" method (17) . Recently, Choi et al. (2) used a dual observations of whole-mount immunocytochemistry and scan-ning electron microscopy technique to show that type III-and type IV-MRCs in tilapia gills are interchangeable. Those studies indicate that FW-MRCs and SW-MRCs may be interchangeable in the euryhaline species. In this study, we attempted to provide solid evidence to support the functional plasticity of MRCs by sequentially monitoring functional change of the same MRCs subjected to FW or SW transfer.
The SIET is a noninvasive electrophysiological technique and has been instrumental in detecting the weak ion fluxes near single cells and tissues that arise as ions cross the plasma membrane through ion channels and transporters (4, 18, 19, 32) . Lin et al. (21) applied the SIET for the first time to identify H ϩ -ATPase-rich cells (HRCs; a subtype of MRCs) as acidsecreting cells in the skin of zebrafish embryos. Shih et al. (34) further used the SIET to investigate the mechanism of ammonia excretion by HRCs. Horng et al. (9) used the SIET to analyze Cl Ϫ transport by FW-type MRCs and SW-type MRCs in tilapia larvae. Recently, Wu et al. (37) used the SIET to demonstrate a NH 4 ϩ -dependent Na ϩ uptake mechanism in MRCs of medaka larvae. These studies revealed the advantage of applying the SIET to investigate ion transport by MRCs in fish embryos and larvae.
In this study, medaka larvae (Oryzias latipes) were used as model animals because they are euryhaline (13, 15) . In addition, medaka larvae are small and transparent, which make the observation and SIET probing of MRCs easier. Our previous study already demonstrated Na ϩ uptake by FW-type MRCs in the skin of medaka larvae (37) . In the present study, we further demonstrated and characterized Na ϩ and Cl Ϫ secretions by SW-type MRCs and provided evidence to demonstrate that ACs are required for Na ϩ excretion. Most importantly, we also showed that MRCs possess a functional plasticity in changing from a Na ϩ /Cl Ϫ -secreting cell to a Na ϩ /Cl Ϫ -absorbing cell.
MATERIALS AND METHODS
Experimental animals. Mature Japanese medaka (Oryzias latipes) were reared in circulating tap water at 27°C with a photoperiod of 14 h of light and 10 h of dark. The females spawned every day. The fertilized egg clusters were collected from the females and rinsed with running tap water to remove sludge and to separate the clusters into single eggs. The eggs were incubated in artificial FW or SW, and the incubating solutions were changed daily to guarantee optimal water quality. Embryos usually hatched at 6 -7 days postfertilization (dpf) at 27°C.
In our preliminary test, we found that medaka embryos and larvae tolerated direct transfer from SW to FW or from FW to 25 parts per thousand (ppt) SW. The experimental protocols were approved (no. 95013) by the National Taiwan Normal University Animal Care and Utilization Committee.
Preparation of artificial FW and SW. All of the incubating solutions were prepared by adding various salts (Sigma-Aldrich, St. Louis, MO) to redistilled water. FW contained (in mM) 0.5 NaCl, 0.2 CaSO 4, 0.2 MgSO4, 0.16 KH2PO4, and 0.16 K2HPO4 (pH 7.0). SW for acclimation was prepared by adding proper amounts of synthetic sea salt to redistilled water (Instant Ocean, Aquarium Systems, Mentor, OH). Fertilized eggs were incubated in FW for the first 2 days and then sorted into different acclimation groups for 5 more days. Incubation solutions were replenished daily during the acclimation.
Identification and quantification of MRCs in the skin of medaka larvae. An anesthetized larva was laid laterally in the chamber filled with recording medium. With an upright microscope (BX51WI, Olympus, Tokyo, Japan) and a digital camera for high-resolution image output (EOS50D, Canon, Tokyo, Japan), MRCs with a clear SIET. Na ϩ and Cl Ϫ -selective microelectrodes were constructed to measure ion activities and fluxes on the skin and individual MRCs of medaka larvae. Glass capillary tubes (no. TW 150-4, World Precision Instruments, Sarasota, FL) were pulled on a Sutter P-97 Flaming Brown pipette puller (Sutter Instruments, San Rafael, CA) into micropipettes with tip diameters of 3-5 m. These were baked at 120°C overnight and vapor-sialanized with dimethyl chlorosilane (SigmaAldrich) for 30 min. Before use, the micropipettes were backfilled with a 1-cm column of electrolytes and front loaded with a 20-to 30-m column of a liquid ion exchanger cocktail (Sigma-Aldrich) to create an ion-selective microelectrode (probe). The following ionophore cocktails (and electrolytes) were used: Na ϩ ionophore II cocktail A (100 mM NaCl) and Cl Ϫ ionophore I-cocktail A (100 mM NaCl). To calibrate the ion-selective probe, the Nernstian property of each microelectrode was measured by placing the microelectrode in a series of standard solutions (0.1, 1, 10, 100, and 1,000 mM NaCl for the Na 
Measurement of surface Na
ϩ and Cl Ϫ gradients. The SIET was performed at room temperature (26 -28°C) in a small plastic recording chamber filled with 2 ml of FW-recording medium or SW-recording medium. The FW-recording medium contained 0.5 mM NaCl, 0.2 mM CaSO4, 0.2 mM MgSO4, 300 M MOPS buffer, and 0.3 mg/l ethyl 3-aminobenzoate methanesulfonate (Tricaine, Sigma-Aldrich). The SW-recording medium (30 ppt) contained 350.9 mM NaCl, 45.7 mM MgCl 2·6 H2O, 24.2 mM Na2SO4, 8.9 mM CaCl2·2 H2O, 7.8 mM KCl, 2 mM NaHCO3, and 0.3 mg/l ethyl 3-aminobenzoate methanesulfonate (Tricaine, Sigma-Aldrich, St. Louis, MO). Twenty-five parts per thousand SW was diluted from 30 ppt SW with FW. The pH of the FW-recording medium and the SW-recording medium were adjusted to 7.0 and 8.0, respectively, by adding NaOH or HCl solution.
Before measurement, an anesthetized larva was positioned in the center of the chamber with its lateral side contacting the base of the chamber. An ion-selective probe was moved to the target position (10 -20 m away from the larval surface) to record the ionic activity, then moved away (ϳ10 mm) to record the background. In this study, ⌬[Na ϩ ] and ⌬[Cl Ϫ ] were used to represent the measured Na ϩ and Cl Ϫ gradients between the targets (at the surface of larval skin) and background.
Measurements of Na ϩ and Cl Ϫ fluxes at specific cells. To record ion flux at specific cells, the microelectrode was moved to a position about 2 m above the apical surface of the cells. Voltage differences in microvolts were recorded by probing orthogonally to the surface at 10-m intervals. A single-point recording was performed on a cell for 10 replicates, and the median value of the repeats was used to calculate the ion flux of the cell. In addition, a line-scan recording was made by probing a series of sites along a line (40 m with nine points) across the MRC surfaces and adjacent keratinocytes (KCs).
Previous reports (4, 21) explained the calculation of ionic fluxes. Voltage differences obtained from ASET software were converted to Immunocytochemistry and confocal microscopy. Medaka larvae were anesthetized on ice and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h at 4°C. After rinsing with PBS, the larvae were postfixed and permeabilized with 70% ethanol at Ϫ20°C for 10 min. After washing with PBS, samples were incubated with 3% BSA and 5% normal goat serum for 30 min to block nonspecific binding. The larvae were then incubated overnight at 4°C with ␣5 monoclonal antibody against the ␣-subunit of the avian Na ϩ -N ϩ -ATPase (diluted 1:200 with PBS; Developmental Studies Hybridoma Bank, University of Iowa). Following three washes with PBS, the larvae were exposed to Alexa Fluor 488-labeled anti-rabbit or Alexa Fluor 546-labeled anti-mouse secondary antibodies (diluted 1:500; Molecular Probes, Eugene, OR) for 2 h at room temperature. The larvae were, then, incubated with nuclear stain 4, 6-diamidino-2-phenylindole, dihydrochloride (DAPI, Sigma-Aldrich) for 1 min, and then rinsed 3 times in PBS.
Treatment with inhibitors and measurement of Na
ϩ and Cl Ϫ fluxes. The inhibitors were purchased from Sigma-Aldrich. The stock solutions of the inhibitors were prepared by dissolving ouabain and bumetanide in DMSO (Sigma-Aldrich). Larvae were exposed to a final concentration of 100 M of the inhibitor (dissolved in SW with) for 30 min. Control larvae were treated with SW with 0.1% DMSO. After treatment, the larvae were immediately measured using the SIET. The inhibitors were not added to the recording media to prevent any alteration of the properties of the electrodes. To determine the effect of the inhibitor on Na ϩ and Cl Ϫ flux at individual MRCs, 3-5 MRCs were measured with the SIET individually. The duration of these individual probes was usually less than 10 min.
Time-course changes of Na ϩ and Cl Ϫ gradients at the yolk-sac surface of larvae subjected to salinity changes. Changes of Cl Ϫ and Na ϩ gradients were measured at the skin of larvae transferred from FW to SW (25 ppt) or from SW (25 ppt) to FW. Similar measurements were made on FW-and 25 ppt SW-acclimated larvae as controls. Different larvae were sampled for measurement at 0, 0.5, 1, 2, 3, 4, 5, and 6 h after the transfer.
Sequential measurement of Na ϩ and Cl Ϫ fluxes at individual cells in larvae subjected to the salinity changes. Several MRCs and keratinocytes (KCs) were chosen from SW (25 ppt)-acclimated larvae. Na ϩ and Cl Ϫ fluxes at these cells were sequentially measured with the SIET for 40 -60 s in a SW-recording medium. Then, the medium was completely withdrawn and replaced by a FW-recording medium. The same MRCs and KCs were further recorded for another 40 -60 s immediately after the change of medium. The images of the recorded MRCs were captured to identify the same MRCs and analyze their morphological changes. In another experiment, the same MRCs and KCs were measured at 1, 2, 3, 4, and 5 h after the SW transfer. To minimize the side effect of anesthetization, the larvae were kept in SW without Tricaine after recording (5-10 min).
Statistical analysis. Data are expressed as the means Ϯ SE (n, number of larvae or MRCs). Values from each condition were analyzed using one-way ANOVA followed by Tukey's pairwise comparisons. The Student's unpaired t-test (two-tailed) was used when appropriate for simple comparisons of two means. Significance was set at ␣ ϭ 0.05.
RESULTS

Two groups of MRCs in the skin of SW-acclimated larvae.
Microscopic observations of MRCs in the skin of SW-acclimated larvae revealed two groups of MRCs: 1) single-MRCs (s-MRCs), which do not have associated ACs (Fig. 1A) ; and 2) multicellular complex-MRCs (mc-MRCs), which usually consist of one or two MRCs and accompanied by an AC (Fig.  1B) . All of the mc-MRCs possess an apical opening (pit) with ACs usually located adjacent to it. The morphology of s-MRCs is similar to mc-MRCs, but no associated AC was present. To confirm this observation, the MRCs and ACs were doublestained with Na-K-ATPase (NKA) immunohistochemistry and DAPI nuclear staining. Confocal microscopy images also revealed the two groups of MRCs (mc-MRCs and s-MRCs) in SW (30 ppt)-acclimated larvae (Fig. 1, E and F) . With DAPI staining, two or three nuclei were observed in a mc-MRC (Fig.  1F ) and only one nucleus (Fig. 1E) in an s-MRC. In addition, the NKA signal was weaker in ACs than in MRCs. In FWacclimated larvae, both s-MRCs and mc-MRCs were found (Fig. 1, C and D) . Confocal images show that a small portion of the MRCs in FW larvae were accompanied by a smaller NKA-immunoreactive cell, which was similar to ACs (Fig. 1,  G and H) . However, the location of the AC in the FW larvae was not as close to the apical opening of the MRCs as it was in the SW larvae. Most MRCs were found in the yolk-sac skin of larvae (Fig. 1I) . The percentage of mc-MRCs of the total MRCs was calculated by microscopic observation of intact larvae. The percentage of mc-MRC was ϳ20% in FW, and it increased with the salinity of the medium (Fig. 2) . Na ϩ and Cl Ϫ gradients at the skin of FW-and SW-acclimated larvae. Na ϩ and Cl Ϫ gradients at the surface of newly hatched larvae (7-8 dpf) were measured with the SIET to determine the net flow of Na ϩ and Cl Ϫ across the larval skin. The FW-and SW (30 ppt)-acclimated larvae were measured in FW or SW recording medium, respectively. Seven spots on the surface of a larva were chosen for measurement. These included the snout, the pericardial cavity, the lateral yolk-sac, the posterior yolk-sac, the trunk, cloacae, and the tail (Fig. 3A,  1-7 Fig. 3 , B-E (B and C: SW larvae; D and E: FW larvae). The values of ⌬[Na ϩ ] and ⌬[Cl Ϫ ] in the SW larvae were positive and higher at the yolk-sac than at the other sites, indicating that Na ϩ and Cl Ϫ were more highly excreted from the yolk-sac skin (Fig. 3, B and C) ] at the yolk-sac skin were much lower than that in the SW larvae. In two of the four measured individuals, negative gradients were detected at the yolk-sac, indicating a net uptake of Na ϩ and Cl Ϫ (Fig. 3, D and E) . Time-course changes of Na ϩ and Cl Ϫ gradients at the yolk-sac of larvae subjected to salinity changes. In this experiment, the FW-larvae were acutely transferred to 25 ppt SW and the Na ϩ and Cl Ϫ gradients at the yolk-sac were measured at 0.5, 1, 2, 3, 4, 5, and 6 h after the transfer. A preliminary study showed that medaka larvae survived the SW (25 ppt) transfer. FW-and SW (25 ppt)-acclimated larvae were also measured as controls. After the transfer, negative ⌬[Na ϩ ] (inward flow of Na ϩ ) was observed within 3 h, and then the gradient gradually increased with time and almost reached the level of the SW control after 5 h (Fig. 4A) . However, no negative ⌬[Cl Ϫ ] was found after the transfer. The gradient gradually increased with time and reached the level of the SW control after 3 h (Fig. 4B) .
Time-course changes of ionic gradients were also measured in larvae transferred from 25 ppt SW to FW. Dramatic declines of ⌬[Na ϩ ] and ⌬[Cl Ϫ ] were found after the transfer (Fig. 5, A  and B) . As early as 0.5 h after the transfer, ⌬[Na ϩ ] in the transferred larvae dropped to ϳ6% of that of the SW control and the ⌬[Cl Ϫ ] dropped to only ϳ1% of that of the SW control (Fig. 5, A and B) . Both gradients declined to the level of the FW control after 3 h (Fig. 5, A and B) . Na ϩ and Cl Ϫ fluxes at MRCs in SW-acclimated larvae. Using the SIET, Na ϩ and Cl Ϫ fluxes at specific cells were measured by probing voltage differences of specific ions (Na ϩ and Cl Ϫ ) at 10-m intervals perpendicular to the surface of cells. Fig. 6A shows the line-scan probing route, which is across the apical opening of MRCs and adjacent KCs. The dashed line indicates the 40-m probing route. When probing Na ϩ , a peak of voltage differences appeared at the apical openings of MRCs (mc-MRCs), indicating that mc-MRCs are the "hot spots" of Na ϩ secretion in SW larvae ( Fig. 6B ; solid circles). However, the Na ϩ peak was not detected in a portion of the MRCs that was identified as an s-MRC ( Fig. 6B ; open circles). When probing Cl Ϫ in SW-larvae, a significant outward flux (a negative voltage difference) was detected at the apical opening of both the mc-MRCs and s-MRCs (Fig. 6C) . The Na ϩ flux of mc-MRCs was over 10-fold higher than that of s-MRCs and adjacent KCs (Fig. 6D) . Although, both mcMRCs and s-MRCs were found to secrete Cl Ϫ , the flux of mc-MRCs was significantly higher than that of s-MRCs. (Fig.  6E) . This experiment demonstrated that MRCs are the major sites for Na ϩ and Cl Ϫ secretion in SW larvae and that ACs are required for Na ϩ but not Cl Ϫ secretion. Ouabain or bumatanide were applied to inhibit the Na ϩ -K ϩ -ATPase or NKCC cotransporters, respectively, to determine whether the Na ϩ and Cl Ϫ effluxes were generated by MRCs. The larvae were immersed in SW with 100 M of ouabain or bumetanide for 30 min. After treatment, the larvae were immediately measured with the SIET. Results showed that both ouabain and bumetanide significantly blocked the Na ϩ and Cl Ϫ fluxes at the MRCs (Fig. 7) . Na ϩ and Cl Ϫ fluxes at MRCs in FW-acclimated larvae. Na ϩ probing in FW-acclimated larvae showed that MRCs are the sites for Na ϩ entrance (37) . In the skin of the medaka larvae, an inward Cl Ϫ flux was detected at the apical openings of a portion of MRCs ( Fig. 8A; solid circles) . The percentage of the Cl Ϫ uptake MRCs (Cl-MRCs) of the total measured MRCs (n ϭ 89) was about 70%. The flux between Cl-MRCs and non-Cl Ϫ uptake MRCs (other MRCs) was significantly different (Fig. 8B) .
Sequential recording of Na ϩ and Cl Ϫ fluxes at MRCs and KCs in larvae subjected to salinity changes. In this experiment, Na ϩ and Cl Ϫ fluxes at individual MRCs were sequentially measured before and after the transfer from SW to FW. Fig. 9 shows the fluxes from two mc-MRCs, one s-MRC, and one KC. The cells were recorded for 30 -40 s in SW and then recorded for up to 10 min in FW. In SW, outward Na ϩ and Cl Ϫ fluxes were high and constant at the mc-MRCs, but the fluxes dramatically dropped to a low level after transfer to FW (Fig.  9, A and B) . At the s-MRC, an outward Cl Ϫ flux was recorded before transfer to FW and declined after transfer to FW (Fig.   Fig. 7 . Effects of ouabain (0.1 mM) and bumetanide (0.1 mM) on Na ϩ (A) and Cl Ϫ (B) fluxes at MRCs of 30 ppt SW-acclimated larvae. Data are presented as means Ϯ SE. Different letters indicate significant differences (one-way ANOVA, Tukey's comparison, P Ͻ 0.05). Numbers in parentheses are cell numbers. 9B). However, as Fig. 6D shows, Na ϩ flux was small at the s-MRCs similar to that at the KCs. Images of the recorded cells were obtained and examined to determine whether any morphological change occurred after the transfer. However, 10 min after the transfer, no significant change was observed in the morphology of MRCs and KCs (data not shown).
To demonstrate that MRCs have the plasticity to change their function from salt secretion to salt absorption, the same MRCs were repeat recorded for a longer time (up to 5 h) after transfer to FW. Images of the recorded MRCs were obtained to identify the same cells and compare their morphological changes. Interestingly, the ACs adjacent to the MRCs were found to gradually move away from the apical opening of the MRCs (Fig. 10A, C, E; white arrowheads indicate the ACs). A dramatic decline of Na ϩ and Cl Ϫ flux was recorded in the mc-MRCs after the transfer (Figs. 11 and 12 ). The flux declined to negative at 5 h, indicating that the recorded mc-MRCs changed their function from Na ϩ /Cl Ϫ secretion to Na ϩ /Cl Ϫ uptake (Figs. 11A and 12A) . Although, the Na ϩ /Cl Ϫ secretion by s-MRCs was lower than that in mc-MRCs, it also declined after the transfer and also reached a negative value at 5 h (Figs.  11B and 12B ). In contrast, no significant Na ϩ /Cl Ϫ uptake (negative value) was recorded in KCs after the transfer (Figs.  11C and 12C ). This experiment demonstrated that SW-type MRCs can change their function from Na ϩ /Cl Ϫ secretion to Na ϩ /Cl Ϫ uptake in larvae exposed to FW for 5 h.
DISCUSSION
In SW teleosts, SW-MRCs usually exist in multicellular complexes with other MRCs and ACs. The mc-MRCs form an apical crypt shared by the apical membrane of ACs and MRCs. Importantly, the apical junctions between MRCs and ACs are not extensive and are considered to be leaky to ions (also termed leaky junctions), thus providing a paracellular route for Na ϩ extrusion (16, 31, 35) . In this study, two groups of MRCs, s-MRCs and mc-MRCs, were found in the skin of SW-acclimated medaka larvae. The mc-MRCs are similar to most MRCs that were described in the gill of the SW teleost or euryhaline teleost acclimated to SW (5, 29) . However, the s-MRCs in SW fish have not been well documented in the literature. In tilapia larvae, Hiroi et al. (6) found that the mc-MRCs usually consisted of one main MRC and one AC, or occasionally of two or more MRCs accompanied by one or two ACs. They also showed a type of single MRC in the SW tilapia, which did not have accompanied ACs but had an apical pit in the yolk-sac. However, they did not discuss the function and significance of this type of MRC. In this study, a significant Cl Ϫ efflux, but not Na ϩ efflux, was detected at s-MRCs, indicating that s-MRCs function as Cl Ϫ -secreting cells but not as Na ϩ -secreting cells. As expected, both Na ϩ and Cl Ϫ extrusions were detected at mc-MRCs. Although parallel Na ϩ and Cl Ϫ secretion by mc-MRCs in SW fish had been accepted, our SIET data provided the hard evidence that proved it. More importantly, the fact that s-MRCs are Cl Ϫ -but not Na ϩ -secreting cells also supports the importance of ACs and the paracellular pathway in Na ϩ extrusion. Interestingly, Cl Ϫ extrusion by mc-MRCs was ϳ30% higher than that by s-MRCs (Fig. 6E) . Although the size of ACs is smaller than MRCs, they also contain numerous mitochondria and a less-developed tubular system with lower expression of NKA (7) . Whether ACs also contributed to Cl Ϫ secretion is not clear and needs to be further examined. In addition, we also found mc-MRCs in the skin of FW-medaka larvae. In earlier reports, mc-MRCs were observed in the gills of FW teleosts (30) . Hiroi et al. (6) also reported mc-MRCs in tilapia larvae acclimated to FW, whose density in the yolk-sac skin increased during SW acclimation. On the basis of the differential interference contrast and immunostaining images, they presumed that the ACs originated from undifferentiated cells. They also suggest that both the enlargement of the main MRCs and the formation of complexes occur simultaneously during SW acclimation. We consistently found that the percentage of mc-MRC increases with the salinities of acclimation (Fig. 2) . In real-time observation, we found that the ACs were usually adjacent to the apical opening of the main MRCs in SW and then gradually moved from the apical opening after transfer from SW to FW. Early studies with electronic microscopy have shown that SW-MRCs and adjacent ACs interdigitated with each other and form leaky junctions at the apical domain (11) . Without this tight interaction, the ACs might not be functional in FW larvae but, instead, might be preparing for SW exposure.
Following the transfer from FW to SW, an inward Na ϩ gradient was recorded at the surface of medaka larvae within 3 h, indicating that the larvae require a period of time (ϳ3 h) to counter the external high Na ϩ gradient (Fig. 4) . During this period, a series of changes might occur in the MRCs that initiated Na ϩ secretion, such as the formation of the leaky junction between the MRCs and associated ACs, and the activation and/or de novo synthesis of transporters required for Na ϩ secretion. Hwang et al. (11) reported that MRCs of ayu larvae started to form interdigitations and leaky junctions with each other within 3 h after transfer to SW. In contrast, a gradual increase of Cl Ϫ extrusion was found after SW transfer with the value reaching a steady state after 2 h. This suggests that the onset of Cl Ϫ secretion is faster than that of Na ϩ secretion in medaka larvae entering SW. Cl Ϫ secretion is performed by transcellular pathway of both s-MRCs and mc-MRC. Therefore, when larvae are transferred from FW to SW, MRCs can respond only by modifying ion-transporting molecules (expression, intracellular localization, and activation). On the other hand, interaction between MRC and AC is necessary for initiation of Na ϩ secretion. This may be a reason for the faster onset of Cl Ϫ secretion than that of Na ϩ secretion. In a previous study, a rapid (ϳ1 h) onset of Cl Ϫ secretion was reported in killifish entering SW. Shaw et al. (33) suggest that redistribution of preexisting CFTR from subapical vesicles into apical membrane contribute to the rapid regulation of Cl Ϫ before de novo protein synthesis occurs.
When the medaka larvae were transferred from SW to FW, an instantaneous decline in Na ϩ and Cl Ϫ secretions was observed in the skin of the larvae and in individual MRCs (Figs. 5 and 9) , suggesting that the salt-secreting function of MRCs can be immediately shut down when exposed to FW. Although the mechanism remains unclear, the rapid response to FW might avoid ion loss in fish subjected to hypotonic challenges. As suggested in previous studies (24 -26, 28) , the reduction of salt secretion could contribute to the functional and morphological alteration of MRCs. Marshall et al. (27) suggested that these alterations are mediated by a sympathetic neural reflex, a rapid cellular hypotonic shock response, and a covering over of MRCs by adjacent pavement cells (3) . In this study, we did not observe a noticeable change in the apical openings of MRCs within 10 min after the transfer from SW to FW. However, some MRCs showed smaller apical openings after 30 min (data not shown). We suggest that the rapid down-regulation of salt secretion in MRCs may be mainly caused by the inactivation of transporters involved in the mechanism, such as the basolateral NKCC and apical CFTR Cl Ϫ channel. A recent study of killifish suggested that MRCs might respond to hypotonic shock by using a mechanosensing protein, which is connected to the dephosphorylation of a series of regulatory proteins and that lead to NKCC inactivation in the opercular membrane (25) . In addition, Marshall et al. (27) , using immunohistochemistry, observed the CFTR disappearance from the subapical region of MRCs in the opercular membrane and suggested that CFTR translocation between the apical membrane and the subapical region was involved in the regulation of Cl Ϫ secretion. In addition, Lin et al. (20) reported that when the SW-acclimated tilapia were transferred to FW, NKA activity decreased to FW-acclimated levels as early as 3 h after transfer. Thus, short-term modulations in NKA could also contribute to the alteration of salt secretion. The detailed mechanism underlying the regulation of the Na ϩ and Cl Ϫ secretion in medaka needs further investigation.
In this study, MRCs were demonstrated to have functional plasticity in ion transport, such as secreting Na ϩ and Cl Ϫ in SW and taking up Na ϩ and Cl Ϫ in FW. Previous studies used an in vivo fluorescent staining technique to label MRCs on the skin or gills of tilapia and killifish, and suggested that MRCs possess an ability to transform from FW-MRCs to SW-MRCs or vice versa. (6, 17) . However, those studies did not provide direct evidence to show the functional changes in MRCs. In this study, the ion transport by individual MRCs were sequentially recorded with SIET in larvae transferred from SW to FW, and the same MRCs were observed to perform Na ϩ /Cl Ϫ secretion in SW and Na ϩ /Cl Ϫ uptake after being transferred to FW. However, we did not successfully record the ion flux at individual MRCs during FW to SW transfer due to a technical problem. When exposed to SW, a dramatic dehydration and shrinking of cells occurred in the skin of the medaka larvae and thus interrupted the observation and probing of the MRCs.
During the transfer from SW to FW, we noticed that the size of the MRCs slightly increased, which might be because of the osmotic influx of water from a hypotonic environment. In addition, both s-MRCs and mc-MRCs slightly increased the size of their apical openings. Lin et al. (20) found a rapid morphological change of the apical surface of MRCs in the gills of tilapia transferred from SW to FW. In addition, an enlargement of the apical membrane in MRCs was also observed in tilapia larvae exposed to low-Cl Ϫ fresh water (22, 23) . The enlargement of the apical size in MRCs suggests that more transporters are inserted which, consequently, produces a more powerful active transport of ions. We suggest that the expression of transporters for Na ϩ uptake, such as NHE3 and Rhcg1, is upregulated during FW acclimation. The two transporters involved in a NH 4 ϩ -dependent, Na ϩ uptake mechanism occur in the apical membrane of the medaka's MRCs (37) . Further examination of the role of these proteins in the regulation and response to salinity changes is recommended.
Although the functional plasticity of MRCs in medaka larvae is demonstrated by the SIET, we cannot perform the same approach to adult fish to test if it also occurs in gills. However, other studies (2, 17) support that branchial MRCs possess the property of transformation as shown in medaka larvae.
In SW larvae, we noticed that Cl Ϫ gradient and flux were remarkably higher than Na ϩ gradient and flux. One explanation is that medaka larvae may ingest more Cl Ϫ than Na ϩ by drinking and consequently have to secrete more Cl Ϫ by MRCs. However, we cannot rule out a minor possibility that the Cl Ϫ gradient/flux was overestimated because of technical limitations, such as a minor selectivity of Cl Ϫ probe to other anions (8) .
Perspectives and Significance
Zebrafish have been shown to be a powerful model for investigating ionic transport in FW teleost (10) . Medaka (O. latipes) is another genetic fish model with a genomic database that provides sufficient bioinformation, and importantly, it is a euryhaline species. This study shows it to be a good model for investigating the plasticity of MRCs in response to harsh salinity changes. With molecular and genetic approaches, further study to investigate the molecular mechanism involved in the transformation of MRCs is required.
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